A mirror cleaning study was conducted to assess the effectiveness of three cleaning methods in their ability to remove particulate contamination from reflective mirror surfaces. Presently, the detergent bath, solvent rinse, and CO 2 snow cleaning methods are the most commonly used optical cleaning techniques within the optics industry. These techniques are also commonly used by the Optics Branch/Code 551 at Goddard Space Flight Center (GSFC) to remove particulate contamination from optical surfaces. In this experimental study, the above-mentioned cleaning methods were used to clean twelve uncoated silicon wafers, twelve gold coated silicon wafers, and twelve gold coated silicon wafers with a silicon oxide protective coating. CO 2 snow cleaning had an average removal percentage of 84%, followed by the solvent rinse at 74%, and the detergent bath at 61%. In addition to the average removal percentage, this comparative study was designed to:
INTRODUCTION
The cleanliness of optical surfaces continues to be an industry wide-concern for the performance of optical devices and components. Currently in the optical industry, specifically the photonics industry, there is no established standard for optical cleaning nor is there a standard definition of a "clean" optical element. Without a standard for optical cleaning, choosing an appropriate cleaning method can be extremely difficult. The effectiveness of cleaning methods widely varies depending on the optical material, the presence of surface coatings, contamination requirements, and the performance requirements, or application of the optical device. As the industry and applications of optical technology continues to grow and expand, so will the importance of the desired performance of optical devices -which leads directly to the acute need for industry-wide standards for optical cleanliness.
Background
The purpose of cleaning an optical surface is to remove surface contaminates to improve optical performance. There are two types of contamination that affect optical performance: molecular and particulate contamination. Molecular contamination is the conglomeration of submicron matter that deposits on the surface in the form of a film, droplets, or a combination of the two (e.g. water, hydrocarbons, and silicon). Molecular contamination affects optical surfaces (both transmissive and reflective surfaces) by absorbing the incoming light that passes through the molecular film. This results in decreased signal strength and low signal output (See Figure 1a) . This phenomenon is greatly exaggerated for reflective surfaces. As the incoming light passes through the molecular film, the film absorbs the incoming energy. Once the light contacts the reflective surface, it is redirected through the molecular film and the light is absorbed a second time, resulting in further degradation of the signal strength (See Figure 1b) . However, molecular contamination was descoped from the experimental study due to budget and schedule constraints. Another degenerating factor to optical performance is particulate contamination, which is an accumulation of particles that are detectable with the aid of a microscope or with the naked eye. Particulate contamination can occur through two phenomenons: obscuration and scattering effects. Particulate obscuration occurs when surface particles prevent light from reaching the underlying surface (See Figure 2a) . Scattering occurs when surface particles create an undesired deflection of light, oftentimes in an undesired direction (See Figure 2b) . 
METHODOLOGY
The experimental study was conducted in four phases. The first phase involved the intentional contamination of all thirty-six silicon wafers. The wafers were deployed for either one day ("fairly clean"), three days ("dirty"), or five days ("very dirty") for intentional contamination in the Highbay Facility in Building 10 at GSFC. The second phase involved characterizing the wafer surfaces by counting the size and total number of surface particles using the Image Analysis (IA) verification instrument. The third phase involved cleaning the wafers using one of the following cleaning methods: the detergent bath, solvent rinse, or CO 2 snow cleaning method. The final phase included a second surface characterization, where again the size and number of particles were measured using IA and Image Pro-Plus 5.0 software. The data was evaluated and the trends were reviewed to obtain conclusions and study results. All results were analyzed using JMP/SAS Version 6.0 software.
Description of Cleaning Procedures
The detergent bath is a direct contact method that requires submersing the optical component into a detergent solution consisting of an Alconox detergent and distilled water. The surface is cleaned by saturating a cheesecloth material in the Alconox detergent solution and is applied to the optical surface using a multidirectional wiping technique. To remove all traces of Alconox, the optic was rinsed in hot distilled water. The solvent rinse method followed the same cleaning process, but included a rinse with IPA grade acetone to remove water and facilitate drying. The Alconox solutions in both methods act as a "wetting" agent to lower the surface tension of water. This allows the particles to absorb the detergent and become detached from the surface. For both methods I followed standardized work instructions used by Goddard's optical engineers, although with minor modifications, including the omission of a vertical drying rack, nitrogen purge line, and multiple surface cleanings.
CO 2 snow cleaning is a non-contact cleaning method that expels high purity liquid CO 2 through a special nozzle to create a mixture of solids and gas in a directional and focused stream . The removal of particles is governed by two mechanisms: (1) CO 2 pellets deject contamination from surface (2) CO 2 gas contacts the surface and changes into its liquid phase, thereby dissolving particles and carrying small particles away during the evaporation process. Unlike the detergent bath and solvent rinse, there was no standard work instruction for CO 2 snow cleaning. After conducting research and reading numerous technical reports, I devised my own CO 2 snow cleaning procedure for the purpose of this mirror cleaning study.
Silicon Wafer Configurations
Three silicon wafer configurations were used to test the efficacy of each cleaning method on coated and uncoated wafers. The wafer configurations included twelve four-inch uncoated silicon (Si) wafers, twelve four-inch silicon wafers coated with gold (Si+Au), and twelve four-inch silicon wafers coated with gold and a silicon oxide protective coating (Si+Au+SiOx). Again, all wafers were deployed (for particle accumulation) in the Highbay in Building 10 and were exposed for either one day ("fairly clean"), three days ("dirty"), or five days ("very dirty") for intentional contamination. The wafers were coated through the Contamination and Coating Engineering Branch (Code 546) in Building 4. The wafer properties are listed below: 
Verification Technique
The Image Analysis (IA) system, located in Building 84, was used to characterize the surface properties of all wafers before and after cleaning. The IA system is a technique that uses a microscope, an imaging sensor, and a computer to automatically measure the size, shape, and number of surface particles. A reading area of 2.5 in 2 was characterized for each four-inch wafer using 50X magnification and Image-Pro Plus 5.0 software (previous studies at GSFC have proven that at 2.5 in 2 area is representative of the entire surface of a four-inch wafer within ten percent). All mirror cleaning methods and activities were performed between four intake air ducts in the clean room in Building 84. The IA system was located in an area with a direct line of sight to the high efficiency particulate air (HEPA) filter air flow; so that suspended particulates from the room environment would not be a contributing factor to the contamination levels of the samples. Table 2 categorizes the results by specifying the cleaning method and listing the samples from highest contamination level to lowest contamination level. The number and size of surface particles are reported as percent area coverage (PAC), which is the fraction of the surface that is covered by particles. PAC is often reported as the total area of particles divided by total surface area. The last column lists the effective removal percentage, which gives the percentage of contamination that was removed from the surface after cleaning. The effective removal percentage was calculated using the below formula.
DATA

Wafer Properties
Thickness 500 µm 
RESULTS
The results in Table 2 rank CO 2 snow cleaning as the most effective method in removing particles. CO 2 snow cleaning had an average removal percentage of 84%, followed by the solvent rinse at 74%, and the detergent bath at 61% (See Table 2 ). Therefore on average, the CO 2 snow cleaning method can remove 84% of the surfaces initial contamination. Similarly, on average, the solvent rinse and detergent bath methods can remove 74% and 61% of the initial contamination respectively.
One pristine control wafer was used during each cleaning process to determine the amount of contamination introduced from the cleaning materials (i.e. cheesecloth material, solvents, Q-tips, etc.). The controls for the detergent bath and solvent rinse method verified that the cleaning materials of both processes introduced contamination at a level of 0.01 PAC and 0.009 PAC respectively. This introduction of contaminants from the cleaning process explains why the detergent bath method did not reduce the PAC of its wafers lower than 0.01 (See Table 2 ).
In addition to the PAC removal percentage, the total number and size of removed particles was evaluated for each cleaning method. Figure 3 , 4, and 5 graphically displays the particle distribution for CO 2 snow cleaning, the solvent rinse, and the detergent bath. The x-axis lists the particle sizes as specified in the IEST-STD-CC1246D and the y-axis lists the total number of particles. For each cleaning method, the total number of particles in each size range was averaged before and after cleaning for all wafers. Some wafers displayed a noticeable spike in particles, of certain ranges, after cleaning (primarily in the 1-10 micron size range). On average, the CO 2 snow cleaning method reduced the total number of particles in every size range after cleaning. In contrast, the solvent rinse method showed an increase in particles from one to five microns. Similarly, the detergent bath method showed an increase in particles from one to ten micron size ranges.
As a result of the direct contact, it is possible that the rinse and detergent methods experienced an increase in particles due to particle fragmentation. Although the average of all wafers cleaned using CO 2 snow cleaning showed a decrease for all particle sizes after cleaning, there was one wafer that showed an increase in particles from the 50-150 micron size range. One possible explanation for the increase in particles is that the power-spray created aggressive currents, which entrain particles from the surrounding area. Another possibility is the creation of electrostatic charge through the expulsion of a pure substance through a metal nozzle, which can attract small particles.
Total Area of Particles Total Surface Area x 100 
CONCLUSIONS
The comparative results in Figure 6 show that the effective removal percentage is not only strongly dependent on the cleaning method, but also the exposure time. That is, the more contaminated a surface was initially; the easier it was to show a significant "clean-up" with all 3 cleaning methods. Although the results for the CO 2 snow cleaning method remained fairly consistent as being the most effective cleaning method regardless of contamination levels, both the detergent bath and solvent rinse methods displayed an increase in removal percentage with higher levels of initial contamination. Each wafer was visually inspected in addition to a microscopic inspection, and only three wafers were identified with scratches (See Note for Table 2 ). The low average removal percentage for both the rinse and detergent methods are most likely due to the use of direct contact cleaning methods. Overall, the statistical software identified the CO 2 snow cleaning method, with a one day exposure time, and the gold coated silicon wafer with the silicon oxide protective coating as the combined optimal settings for obtaining the highest overall particulate removal effectiveness (See Figure 7) . 
